Arid and semiarid climates comprise roughly 40% of the earth's terrestrial surface. Deserts are predicted to be extremely responsive to global change because they are stressful environments where small absolute changes in water availability or use represent large proportional changes. Water and carbon dioxide¯uxes are inherently coupled in plant growth.
Introduction
The most signi®cant impact of human activities on the global environment is the increase in atmospheric CO 2 content. The 30% increase in atmospheric CO 2 over the past century (Keeling et al. 1976 (Keeling et al. , 1989 ; Intergovernmental Panel on Climate Change (IPCC) 1992) is widely believed to be unprecedented. The increase in atmospheric CO 2 now being observed is likely to have substantial direct effects on the earth's terrestrial ecosystems because photosynthesis and stomatal conductance are extremely sensitive to small changes in intracellular CO 2 concentration ([CO 2 ]).
Deserts and semidesert climates constitute » 40% of the earth's terrestrial surface. Deserts are also predicted to be extremely sensitive to global change because they are stressful environments where plant responses to elevated CO 2 are ampli®ed. Although small-scale enriched-CO 2 experiments have been conducted with desert plants in controlled environments (e.g. BassiriRad et al. 1997) , no large-scale studies of the effects of global change on desert ecosystems have been conducted (Smith et al. 1997) . The Mojave Desert provided an excellent area to test the response of aridland plants and ecosystems to changes in atmospheric CO 2 because it was the driest region in North America. Mean annual precipitation near the research site was » 140 mm y ±1 and annual precipitation as low as 29 mm has been recorded (Hunter 1994) , although in 1998 the precipitation was more than twice the mean and surpassed the historical maximum.
Site description
The Mojave Desert ecosystem is composed of diverse shrub-dominated communities which at the NTS occur between elevations of 800 and 1700 m on gently sloping bajada surfaces (Beatley 1976) . Above 1700 m, the vegetation grades to open pygmy conifer woodland with a sagebrush±grass understorey, while lower elevation, ®ne-textured playa surfaces may have no plant cover. Between 800 and 1700 m, community types vary as a function of soil texture, temperature and moisture. The vegetation at the NDFF, located at 970 m on a lower bajada surface, is characterized as a Larrea tridentata±Ambrosia dumosa±Lycium spp. desert scrub community. Soils in the NDFF plots were Aridosols derived from calcareous alluvium with textures ranging from loamy sands in the shallow A1 horizon (0±0.16 m) to coarse sands in the subsoil horizons. There was no caliche layer in the subsoils, resulting in well-drained soils. However, the gravel content of the C1 horizon to a depth of 1 m varied with depth and between plots. Gravel content was inversely related to volumetric soil water content at ®eld capacity. Total soil carbon and nitrogen concentrations were low and decreased from 1.80% C and 0.08% N in the A1 horizon to 0.18% and 0.01%, respectively, at 1 m depth. Soil pH was alkaline, ranging from 8 to 9 at all depths.
Nevada Desert FACE Facility (NDFF)
The NDFF was established to evaluate the effects of elevated CO 2 on the structure and function of a Mojave Desert community. Work has been shared between the three branches of the University of Nevada system (Desert Research Institute, University of Nevada-Las Vegas, University of Nevada-Reno) and Brookhaven National Laboratory (BNL). The research facility was located in Nye County, NV, USA (36°49¢N, 115°55¢ W), 15 km North of Mercury, NV at an elevation of 965± 970 m. The NDFF was located on a U.S. DOE facility, the Nevada Test Site (NTS), because of minimal disturbance, the pristine environment and good security. Unlike much of the Mojave Desert, the NTS has not been grazed by cattle or utilized by off-road vehicles for over 40 years. This lack of disturbance was critical to site selection, because the nitrogen-®xing cryptobiotic crust that covers 35±65% of the soil surface is easily destroyed and regenerates extremely slowly. A movable aerial walkway has been installed at each research plot so that no soil contact occurs, except for direct scienti®c measurements (Figs 1, 2) .
The Mojave Desert experiences sporadic, low annual precipitation occurring mostly in the cooler months and a large diurnal temperature¯uctuation throughout the year (Bowers 1987) . Moisture is the primary limitation to plant growth at the NTS (Turner & Randall 1989) , therefore increases in water use ef®ciency (WUE) Fig. 1 Aerial photo of Nevada Desert FACE Facility. Octagonal black plenum and aerial access systems are visible at treatment plots and blower control plots. Non-blower control plots are not as clearly delineated, as they lack the black piping, but the walkway system remains clearly visible. associated with increased atmospheric CO 2 may have a dramatic effect on many aspects of the plant community (Hileman et al. 1994) .
Precipitation, soil water content, soil-, leaf-, and airtemperatures, and plant phenology were routinely recorded. Plant gas exchange, leaf¯uorescence and plant re¯ectance measurements were taken periodically during the most active portion of the growing season, with concentrations of measurements following precipitation events. Volumetric soil water contents were measured biweekly from 0 to 0.2 m and 0±0.5 m using time domain re¯ectometry (TDR) with 16 probes plot ±1 .
Root growth was evaluated monthly with sets of minirhizotron tubes (28 tubes plot ±1 , Fig. 2 ). The tubes were inserted at 30°from vertical to monitor root growth to a depth of 1 m under plant canopies and in intercanopy spaces. Relative root growth onto the minirhizotron tube surfaces will be calibrated with total root biomass estimated from root system harvests of shrubs from outside the NDFF plots which also had minirhizotron tubes installed.
Free Air Carbon dioxide Enrichment (FACE)
FACE technology, pioneered by BNL researchers Hendrey & Kimball 1994) , allows researchers to examine the effect of increasing atmospheric [CO 2 ] on intact plant communities. The primary attributes of FACE plots are that they minimally alter the microclimate of the ecosystem being studied, and are large enough so that they can include the spatial heterogeneity of a site (Hendrey 1992) . The FACE approach avoids confounding effects of increased relative humidity, decreased solar radiation and reduced wind speed frequently associated with glasshouses and other chambers (Hendrey & Kimball 1994) . Seven other FACE sites using BNL technology are currently operating in a range of ecosystems in Arizona, Minnesota, North Carolina, Panama (still under construction), Tennessee, Wisconsin, and Switzerland. The NDFF operates 12 months y ±1 and is the only FACE site using BNL engineering in an undisturbed, native ecosystem, as well as the only desert FACE site. The FACE system consists of a ring of pipe (the plenum) 29 m in diameter encircling the treatment area (Figs 1, 2). Thirty-two vent pipes extend inward 1±2 m from the plenum and then vertically for 2 m. Upwind pipes release jets of CO 2 -enriched air at 0.2, 0.4, 0.6 and 0.8 m above the soil surface (Fig. 2) . The positioning of the vent pipes and a 1 m buffer region results in only the interior 23 m diameter circle (491 m 2 ) being used for scienti®c study at each plot. Ambient air is pushed into the plenum by a fan. At enrichment plots, pure CO 2 is also added through a mass¯ow controller based on a proportional algorithm incorporating wind speed, current CO 2 consumption and a 900-s`learned response' to wind speed variation (e.g. Lewin et al. 1994; Hendrey et al. 1998) . Figure 1 shows the 9 NDFF plots: 3 plots at which atmospheric [CO 2 ] is enriched to 550 mL L ±1 (treatment plots); 3 blower-control plots at ambient [CO 2 ] (» 360 mL L ±1 ); and 3 plots with no FACE ring structure (nonblower controls).
Materials and methods
Observations of wind direction, wind speed, air temperature and [CO 2 ] at plot centres (control height at midcanopy level=0.3 m) are made continuously and recorded every minute on a central computer by an infrastructure of site sensors. A site-wide system of ®bre optics enables high-speed, intrasite data transfer. The logic, parameters and scale of the experimental treatment are similar to those described in the MAC FACE project in Arizona ) and the FACTS-1 project in North Carolina (Hendrey et al. 1998) , although the hardware used to implement the treatment has been revised. During a 2-week period in July±August 1997, 3D performance of an enriched CO 2 plot was assessed concurrently with the other data acquisition. Eight sample locations at each of two heights were continuously cycled through a multiport manifold and a dedicated infrared gas analyser (LI-6262, LI-COR, Lincoln, NE). The inside diameter of the sample tubing was 4.3 mm, resulting in a total volume of less than 0.1 L in all sample tubes. At each sampling point, the IRGA was purged for 15 s and subsequent values were averaged for 45 s. The 15 s purge time at a¯ow rate of 15 L min ±1 was more than adequate to completely¯ush the tubing, ®lter and IRGA chamber. The positions of the sample points were shifted every day so that 24 h averages of spatial [CO 2 ] distribution could be assessed throughout the plot. Sampling points were arrayed at 0.3 and 1 m to evaluate [CO 2 ] both at mid-canopy height and at the uppermost extremity of the canopy, respectively.
Results and discussion

Long-term CO 2 concentration [CO 2 ]
The 12-month treatment summary of the three treatment plots indicates that both the 1 minute and 5-minute mean [CO 2 ] in the centre of the plot were extremely close to the target of 550 mL L ±1 during operation (Fig. 3) . Based on interpolations of the 3-dimensional, 45 s sampling data, the mean daytime [CO 2 ] throughout the entire treatment area ranged between 512 and 583 mL L ±1 at midcanopy height (Fig. 4) . This performance was similar to the MAC FACE performance reported by Nagy et al. (1994) . Similar spatial results were obtained for nocturnal concentrations at mid-canopy height and for both day and night measurements 1 m above the soil surface, although the canopy top spatial average [CO 2 ] was as much as 40 mL L ±1 lower than the mid-canopy mean due to mixing with ambient air above the plot (data not shown). The perennial plant canopy is slowgrowing, mature and undisturbed, and changes only slightly in volume and height seasonally, although leaf area undergoes seasonal variation with both water availability and temperature.
Meteorology
At the start of the project, the annual average precipitation at the Frenchman Flat/Well 5 A recording station (FRF001, 1 km North of NDFF) was 138.1 T 62.5 mm (Hunter 1994) . Precipitation in 1997±98 was well above average, setting a new historical (15-year) record (Fig. 5) . Most Mojave Desert precipitation falls in the winter, a minor portion of it in the form of snow, but snowpack accumulation does not occur, because daytime temperatures, even in the winter are usually above freezing (Fig. 6) . During a drought at the NTS, many months may elapse between measurable precipitation. Relatively dry air and sparseness of cloud cover permit a large diurnal temperature range to develop (Fig. 6) . During the ®rst year of operation, air temperature exhibited an average diurnal range of 21.0 T 0.6°C (Fig. 6) . Relative humidity in the summer routinely drops below 10%. Summertime temperature maxima exceeded 45°C, while night-time temperatures in the winter dropped below ± 10°C (Fig. 6 , Romney et al. 1973) .
Carbon dioxide treatment and consumption
Ef®cient use of CO 2 mandated that only the upwind CO 2 release pipes be open at any given time, as downwind release points not only wasted CO 2 , but increased the chance or magnitude of contamination of a control plot with above-ambient [CO 2 ]. At moderate wind speeds, the 5 s integrated wind direction at each plot was used to determine which 10 release points were active. If the wind speed was extremely low (< 0.4 m s ±1 ), every other release point around the ring perimeter was activated because of the impossibility of predicting wind direction under variable, light-wind conditions and the stall speed of the direction sensors ). This full perimeter enrichment strategy activates 16 release points in contrast to the 10 upwind points of normal operation, with 50% of the release points occurring downwind and inherently wasting CO 2 , but ensuring that upwind release of CO 2 occurs. Conditional shut-downs of enrichment occurred (Fig. 7) when meteorological conditions warranted either conserving CO 2 or shutting fans off to permit natural settling of cold air. The incentive for the wind-induced shutdown was purely economic, while the air-tempera- ture shutdown was primarily biological. The cost of fumigating an open system while the wind is removing the CO 2 at high rates can become prohibitive. An arbitrary goal of 95% daytime attainment of fumigation was initially established in June 1997 and a 6-m s ±1 cut-off was predicted to be necessary to attain this goal. In March 1998, it was determined that the 95% goal was not being attained adequately (Fig. 7) , and a more stringent goal was also desired. On 30 March 1998, the wind threshold was increased to 8 m s ±1 . Both thresholds operated on the 5-minute average wind speed at each individual treatment ring, and treatment resumed when the averaged wind speed dropped to 1 m s ±1 below the threshold. In the 2 months following the change of the threshold, daytime fumigation was enabled an average of 98% of warm daylight hours (Fig. 7) . A coldtemperature shut-down was used which automatically turned off the distribution fans whenever air temperature dropped below 3°C (Fig. 7) Carbon dioxide enrichment performance was in¯u-enced by wind speed and operational mode (Fig. 8) . At wind speeds below 0.4 m s ±1 , both the mean treatment [CO 2 ] and variability were increased because of the increased standard deviation of both wind speed and direction. Failure to use a full perimeter enrichment strategy under these highly variable wind conditions would undoubtedly have increased the treatment variability even more. A decrease in instantaneous treatment concentration and corresponding increase in variability is also observed at wind speeds near the upper threshold for system shut-down (Fig. 8) . A portion of this is due to time averaging and lags associated with automatic system on/off switching. Low and high wind speeds both represent a small percentage of total operating time (Fig. 8) .
Plant community
Distribution of all perennial plants in each plot has been mapped and canopy heights and areas measured. The mean perennial species composition per plot (taxonomy based on Hickman 1993), ranges of individuals per species per plot and sum of individuals per species for all plots are shown in Table 1 . Shrubs comprised more than 30% of the total perennial plant population. Four C3 shrub species, Larrea tridentata (DC.) Cov., Ambrosia dumosa (A. Gray) Payne, Lycium andersonii (A. Gray) and Lycium pallidum Miers var. oligospermum C. Hitchc. comprised more than 70% of the total shrub population. There was substantial variability between shrub species in terms of leaf phenologies and deciduous habit (Ackerman & Bamberg 1974) and thus differing strategies for surviving in an arid environment (Smith et al. 1995) . The different phenologies may also be expected to respond differently to elevated CO 2 . Consequently, shrubs were grouped into two functional types, evergreen (L. tridentata), and deciduous (A. dumosa and the two Lycium species, Table 2 ). Perennial grasses had the greatest population densities, contributing 50±60% of total perennial plant populations. Pleuraphis rigida Thurber (C4), represented about 31% and Achnatherum hymenoides (Roemer & Schultes) Barkworth (C3) about 20% of the total perennial density. A second perennial C4 grass, Erioneurone pulchellum (Kunth) Tateoka, is shortlived and population densities are extremely variable from year to year. Erioneurone pulchellum was not observed in the initial survey, which occurred at the end of 2 years of drought, however, population densities were similar to those for P. rigida following late summer and early fall precipitation. There were no signi®cant differences between treatment means for species composition by growth-form. ) was calculated from canopy volumes using regression equations developed from a nearby, similar plant community (Romney et al. 1973) . Three shrub genera, Larrea, Ambrosia and Lycium account for 59% T 4% of total perennial plant cover and 76% T 3% of total perennial above-ground biomass.
In addition to the perennial plant species occurring in the NDFF plots, more than 60 species of native winter annuals and 6 species of summer annuals may occur, depending on seasonal rainfall (Bowers 1987) . A minimum of 26 mm of rainfall between September and March has been found necessary for germination, growth, and viable seed production of many Mojave Desert annuals (Turner & Randall 1989) . The exotic winter annual C3 grass, Bromus madritensis ssp. rubens (L.) Husnot, could occur in the plots with densities greater than 20 plants m ±2 . Bromus spp. competes for soil moisture and nutrients with native species and may have the potential to alter the frequency and intensity of wild®re in the Mojave Desert (Hunter 1991) . Because population densities of all annuals may exceed 60 000 plot ±1 , their populations were estimated using 48 (0.2 Q 0.5 m) permanent subplots plot ±1 . Net primary production and reproductive success was estimated by species-speci®c allometric relations similar to those developed for the perennial plant species. Soil cryptobiotic crusts, ranging from 35 to 65% cover plot ±1 dominated intercanopy spaces. The crusts consisted of green algae, cyanobacteria, lichens, and bryophytes (Shields & Drouet 1962 
Conclusions
Based on the engineering aspects of FACE technology and ecosystem monitoring along with the limits on anthropogenic disturbance, NDFF will provide a reliable and extensive data set for analysis of the effects of elevated CO 2 on an otherwise undisturbed desert ecosystem. These data will be essential for modelling the potential effects of elevated CO 2 on other arid and semiarid ecosystems on larger scales.
